The opportunistic fungal pathogen Candida albicans has developed various ways to overcome iron restriction in a mammalian host. Using different surface proteins, among them membrane-and wall-localized glycosylphosphatidylinositol (GPI) proteins, it can exploit iron from host haemoglobin, ferritin and transferrin. Culturing C. albicans in rich medium supplemented with the ferrous iron chelator bathophenanthroline disulfonic acid or in the minimal medium yeast nitrogen base resulted in a strong decrease of the iron content of the cells. MS analysis of the changes in the wall proteome of C. albicans upon iron restriction showed a strong increase in the levels of the GPI-modified adhesin Als3, which also serves as a ferritin receptor, and of the GPI-modified CFEM (common in fungal extracellular membranes) domain-containing proteins Csa1, Pga7, Pga10, and Rbt5. The wall levels of the GPI-modified proteins Hyr1, the adhesin Als4 and the copper-and zinc-containing superoxide dismutase Sod4 also strongly increased, whereas the levels of Tos1 (a non-GPI protein) and the GPI-modified adhesin Als2 strongly decreased. Strikingly, peptides derived from the CFEM domain of the haem-binding proteins Csa1, Pga10 and Rbt5 were capable of forming iron adduct ions during MS analysis, consistent with a key role of this domain in haem binding.
INTRODUCTION
Survival of micro-organisms in a mammalian host requires constant adaptation to a changing environment, both for commensal and for pathogenic organisms. Iron is essential for most organisms and, while it can occur in abundance in the gut, it can be very scarce in other niches in the body. Since it is involved in manifold essential processes, and also because of its highly reactive nature, iron homeostasis is tightly regulated. Virtually all iron in the body is either bound to proteins as part of a prosthetic group or bound to transport and storage proteins, like lactoferrin, transferrin and ferritin. Keeping free iron levels low not only protects from toxic effects due to the formation of free radicals, but also restricts growth of infectious micro-organisms by what is referred to as nutritional immunity. Many infections are the result of abnormally high iron levels in the body as a consequence of diseases like haemochromatosis, severe hepatic disease and acute leukaemia, or chemotherapy, as reviewed by Bullen et al. (2006) . To thrive in host niches without excessive iron load, micro-organisms have developed different strategies to acquire this essential nutrient.
Some bacteria and fungi secrete siderophores, lowmolecular-mass chelators with very high affinity for iron, to scavenge the precious metal in a low-iron environment. C. albicans lacks a pathway for siderophore synthesis, but it can take up foreign siderophores via the Sit1/Arn1 transporter (Ardon et al., 2001) . Transferrin is the iron transport molecule in serum. While apotransferrin inhibits growth of C. albicans through iron chelation (Han, 2005) , its iron-loaded form transferrin can be used by the fungus as an iron source and might be bound by a yet unknown receptor (Knight et al., 2005) . Lactoferrin, on the other hand, which is found in body fluids, like milk, saliva and tears, and is released by neutrophils, contains a defensinlike antimicrobial peptide, which is also active against C. albicans (Ward et al., 2002) . Ferritin, involved in iron homeostasis as the iron storage protein in almost all human cells, accounts for about 30 % of the total body iron. Although ferritin is extremely resistant to microbial exploitation, C. albicans is able to use it as an iron source through the glycosylphosphatidylinositol (GPI)-anchored cell wall protein Als3, which not only functions as an adhesin and invasin but also serves as the receptor for ferritin (Almeida et al., 2008) . To release and use iron from transferrin and ferritin or to exploit free environmental iron, C. albicans employs the reductive pathway, as reviewed by Almeida et al. (2009) . First, plasma membrane-located ferric reductases, like Fre10 and Cfl1, reduce ferric iron (Fe 3+ ) to the more soluble ferrous form (Fe 2+ ) (Knight et al., 2005; Yamada-Okabe et al., 1996) . Iron uptake in low-iron conditions is subsequently accomplished by a protein complex in a two-step process: ferrous iron is first reoxidized to ferric iron by multicopper oxidases like Fet3 (De Luca & Wood, 2000; Kosman, 2003) and then transported via the iron permease Ftr1 into the cell (Ramanan & Wang, 2000) . When environmental iron concentrations are high, C. albicans can employ a lowaffinity iron uptake system used for the non-specific acquisition of metal ions (Kosman, 2003) .
Independently of the reductive pathway, C. albicans is able to take up iron from haemoglobin, first by lysis of erythrocytes, which carry about 66 % of the total body iron, then by haemoglobin binding, haem extraction and endocytosis. Weissman & Kornitzer (2004) identified Rbt5, Csa1, and Pga10 as haem/haemoglobin receptors in C. albicans. These proteins are GPI-proteins and have been previously shown to be membrane-and cell-wall-localized (Heilmann et al., 2011 (Heilmann et al., , 2013 Sosinska et al., 2008 Sosinska et al., , 2011 Weissman & Kornitzer, 2004; Weissman et al., 2008) . Together with the GPI-modified wall protein Pga7 and the secreted protein Csa2 they belong to the CFEM family (common in fungal extracellular membranes), which is very commonly found among fungi and is characterized by one or more 8-cysteine-containing CFEM domains (Kulkarni et al., 2003) . Length and cysteine spacing of CFEM domains are distinct from other common cysteinecontaining motifs. Hydrophobins also possess eight cysteine residues and self-assemble at hydrophilic-hydrophobic interfaces, thus promoting adhesion and aerial growth (Kulkarni et al., 2003; Wösten, 2001) . While Csa1 possesses four CFEM domains, Csa2, Pga7, Pga10 and Rbt5 contain only one. Also the wall protein Ssr1 has a similar 8-cysteine pattern, but BLASTP analysis does not show homology to the other members of the CFEM family. In addition, unlike Csa1, Csa2, Pga7, Pga10 and Rbt5, Ssr1 does not seem to be induced by iron starvation (Chen et al., 2011) , suggesting a different role for this wall protein.
Transcriptional studies indicate that several wall proteins are regulated by iron availability (Chen et al., 2011; Lan et al., 2004) ; nevertheless on a proteomic and functional level this has only been verified for Als3, as ferritin receptor, and Rbt5 and Pga10, as haem/haemoglobin receptors. As the wall proteome is crucial for fungal fitness but also comprises important virulence factors, we wanted to analyse the dynamics of the C. albicans wall proteome in response to iron starvation. We measured the relative changes in the wall proteome, using 15 N-labelled wall proteins as an internal standard in combination with Fourier transform MS (FTMS). Remarkable changes in the wall proteome occurred, especially regarding the levels of the GPI-modified members of the Rbt5 family (Rbt5, Csa1, Pga7 and Pga10). We could further show that peptides originating from the CFEM domain of Rbt5, Csa1 and Pga10 formed iron adduct ions in the mass spectrometer, suggesting that this domain is responsible for the haembinding properties of these proteins.
METHODS
Strains, growth conditions and biomass determination. All chemicals were obtained from Sigma-Aldrich, unless stated otherwise. C. albicans SC5314 (Gillum et al., 1984) ] buffered at pH 4 or pH 7.4, as previously described (Sorgo et al., 2011) , or 50 ml of YPS without (iron-replete medium; control) or with 200 mM of the membrane-impermeable ferrous iron chelator bathophenanthroline disulfonic acid (BPS-16) was inoculated to OD 600 0.05, and grown at 37 uC and 200 r.p.m. for 18 h. To further increase iron restriction the cells were cultured again in the presence of 200 mM BPS (BPS-26). Using an initial OD 600 0.05 resulted in postexponential-phase cells (OD 600~1 0) at 18 h of culture (Table 1) . To determine dry biomass, cultures were harvested after 18 h of growth and dried, and dry weight was measured.
Determination of cellular iron levels. Cells were cultured as described above. Twenty millilitres of each culture were harvested after 18 h (initial OD 600 0.05) of incubation. One half of the sample was used for dry weight determination or OD 600 measurement, while the other half was used for determining the overall iron content of the cells. Iron levels were measured as described elsewhere (Tamarit et al., 2006) . Briefly, the cell pellets were washed twice and boiled for 2 h in 500 ml 3 % nitric acid. After cooling to room temperature and centrifugation, 400 ml of the supernatant was mixed with 160 ml sodium ascorbate (38 mg ml 21 ) for the reduction of ferric iron to ferrous iron, 320 ml BPS (1.7 mg ml
21
) and 126 ml ammonium acetate (4 M). Five minutes later the specific absorbance of the ferrous iron-chelator complex was measured at 535 nm, while the non-specific absorbance at 680 nm was subtracted. As standards, known concentrations of Fe(III)Cl 3 were solubilized in 3 % nitric acid and treated as the cell pellets. Iron concentrations were normalized to dry biomass or to OD 600 of each culture and expressed as ng iron/ OD 600 unit. One OD 600 unit corresponded to about 0.33 mg dry biomass. To estimate the number of iron atoms per cell, the dry biomass of a parent cell was assumed to be 36 pg (Gow & Gooday, 1982) .
Cell wall isolation. After 18 h of growth, cells were harvested by centrifugation and washed several times with cold PBS. Cell walls were isolated as described previously (Heilmann et al., 2011; Sorgo et al., 2011) . Briefly, cells were suspended in 10 mM Tris/HCl, pH 7.5, supplemented with a protease inhibitor cocktail, and broken using glass beads (0.25-0.50 mm) in a Precellys 24 homogenizer (Bertin Technologies). After full cell breakage the crude wall pellets were washed several times with cold 1 M NaCl, followed by washing with cold MilliQ water. Pellets were resuspended in SDS extraction buffer (150 mM NaCl, 20 g SDS l 21 , 100 mM Na-EDTA, 100 mM bmercaptoethanol, 50 mM Tris/HCl, pH 7.8) and incubated at 37 uC for 30 min. The pellets were subsequently incubated in fresh SDS extraction buffer at 37 uC overnight. The next day the pellets were boiled in SDS extraction buffer four times for 10 min and washed several times with MilliQ water. Isolated wall pellets were freeze-dried and stored at 280 uC. 15 N-reference cultures were prepared as described previously (Heilmann et al., 2011 N-labelled ammonium sulfate -either buffered at pH 7.4 using 75 mM MOPSO [3-(N-morpholino)-2-hydroxypropanesulfonic acid] or buffered at pH 4 using 75 mM tartaric acid -was inoculated to OD 600 0.05 and incubated at 37 uC and 200 r.p.m. After 18 h cells were harvested and walls were purified as described above. To obtain a wide presentation of 15 N-labelled wall proteins, freeze-dried walls obtained from the pH 4-and pH 7.4-grown cultures were mixed 1 : 1 (based on dry weight) and aliquots were stored at 280 uC.
Sample preparation for relative quantification by FTMS. Nonlabelled 14 N-walls of the samples to be analysed were mixed with metabolically labelled 15 N-reference walls in a ratio of 1 : 1 based on their dry weights and processed as described previously (Yin et al., 2005) . For reduction of disulfide bonds wall pellets were incubated at 55 uC for 1 h in 100 mM NH 4 HCO 3 with 10 mM dithiothreitol. Subsequently, wall proteins were alkylated in 65 mM iodoacetamide in 100 mM NH 4 HCO 3 for 45 min at room temperature in the dark, followed by quenching in 55 mM dithiothreitol in 100 mM NH 4 HCO 3 for 5 min. The pellets were washed several times with 50 mM NH 4 HCO 3 to remove iodoacetamide and dithiothreitol, and either used directly for proteomic analysis or stored at 280 uC for later analysis. For proteomic analysis, 2 mg walls were treated for 18 h with 1 mg Trypsin Gold (Promega) at 37 uC. Tryptic peptides were desalted using a C18 tip column (Varian) according to the supplier's instructions. To remove acetonitrile all peptide solutions were evaporated and reconstituted in 0.1 % trifluoroacetic acid. Peptide concentration was determined at 205 nm using a NanoDrop ND-1000 (Isogen Life Science).
LC-FTMS/MS data acquisition, data processing and relative protein quantification. Two replicate wall samples of cells cultured in YPS and BPS-16, and one replicate sample obtained from BPS-26 grown cells were analysed using an ApexQ Fourier transform ion cyclotron resonance mass spectrometer (Bruker Daltonic) equipped with a 7 T magnet and a CombiSource coupled to an Ultimate 2000 (Dionex) HPLC system with a 100 mm i.d., 150 mm-long monolithic reverse-phase column (Onyx C18; Phenomenex). Samples containing up to 800 ng of the 14 N and 15 N tryptic peptide mixtures were injected as a 3 ml 0.1 % trifluoroacetic acid aqueous solution and directly loaded onto the analytical column. Following injection, a linear gradient (from 0.1 % formic acid/100 % H 2 O to 0.1 % formic acid/40 % CH 3 CN/60 % H 2 O) was applied over a period of 120 min at a flow rate of 2 ml min 21 . During elution a chromatogram of up to 1850 high-resolution ESI-FT-MS spectra was recorded using an MS duty cycle of about 3 s. Processing the data and identification and quantification of the proteins has been described previously (Sosinska et al., 2011) Table S1 were analysed with an ApexUltra Fourier transform ion cyclotron resonance mass spectrometer equipped with a 7 T magnet and a nano-electrospray Apollo II DualSource coupled to an Ultimate 3000 (Dionex) HPLC system. The LC-MS/MS instrument upgrade provided higher sensitivity and an increased dynamic range and a more efficient MS/MS performance. This allowed identification and quantification of more complex protein mixtures using peptide fragment mass fingerprinting identification coupled with 15 N metabolic labelling quantification (Heilmann et al., 2013) . Samples containing 80 ng of the 14 N and 15 N tryptic peptide mixtures were injected as a 3 ml 0.1 % trifluoroacetic acid aqueous solution and loaded onto the PepMap100 C18 (5 mm particle size, 100 Å pore size, 300 mm i.d. 6 5 mm length) precolumn. Following injection, the peptides were eluted via an Acclaim PepMap 100 C18 (3 mm particle size, 100 Å pore size, 75 mm i.d. 6 250 mm length) analytical column (Thermo Scientific) using a linear gradient from 0.1 % formic acid/6 % CH 3 CN/ 94 % H 2 O to 0.1 % formic acid/40 % CH 3 CN/60 % H 2 O over a period of 120 min at a flow rate of 300 nl min
. Data-dependent Q-selected peptide ions were fragmented in the hexapole collision cell at an argon pressure of 6610 26 mbar (measured at the ion gauge) and the fragment ions were detected in the ion cyclotron resonance cell at a resolution of up to 60 000. Mass calibration was better than 5 p.p.m. over all MS and MS/MS spectra in the LC-MS/MS chromatogram. MS/MS rate was about 1.3 Hz. This yielded more than 9000 MS/MS spectra over the 120 min LC-MS/MS chromatogram. Raw FTMS/MS data were processed with the MASCOT DISTILLER program, version 2.4.3.1 (64 bits), MDRO 2.4.3.0 (Matrix Science), including the search toolbox and the quantification toolbox. Peak-picking for both MS and MS/MS spectra was optimized for the mass resolution of up to 60 000. Peaks were fitted to a simulated isotope distribution with a correlation threshold of 0.7, with a minimum signal to noise ratio of 2. The MS/MS spectra from precursor peptides within a mass tolerance of 0.03 Da and within a Table S1 . The results in Table S1 show that protein 
RESULTS
Iron chelation by BPS affects growth, morphology and iron levels of C. albicans
To compare iron-rich and iron-poor conditions in the same growth medium we used the ferrous iron chelator BPS to induce iron restriction in the rich medium YPS (Prasad et al., 2006) . However, to avoid glucose repression, sucrose was selected as a carbon source instead of glucose (Sorgo et al., 2010) . When the medium was supplemented with 200 mM BPS (BPS-16), growth and morphology of C. albicans were unaffected, even after 18 h when the cells were in post-exponential phase. However, the iron content was strongly diminished compared to the YPS control without BPS or even to a stationary-phase culture (Table  1) . Another round of culturing in YPS+200 mM BPS (BPS-26) reduced the dry biomass by about 40 % (Table  1) and consistent with earlier observations (Hameed et al., 2008) hyphal development was strongly stimulated (data not shown). However, the total iron content (mg cell dry weight)
21 did not decrease any further, suggesting that during the first incubation in the presence of BPS all iron stores were depleted and that during the second incubation in the presence of BPS iron became growth-limiting. It also suggests that a functional cell requires at least about 3610 6 iron atoms (Table 1) . (Table S1 ) were used to calculate the wall protein ratios of iron-restricted cells (BPS-16 and BPS-26) versus control cells (Fig. 1) .
Levels of several wall proteins in the BPS-16-and BPS-26-treated cells showed dramatic changes relative to the Relative quantification of C. albicans wall proteins was performed using FTMS and 15 N-labelled reference walls. The graphs show log 2 ratios of relatively quantified wall proteins from BPS-treated cultures (BPS-1¾) and BPS-pretreated cultures (BPS-2¾) divided by the control (YPS medium). Black bars, BPS-1¾ vs control; grey bars, BPS-2¾ vs control. Positive values correspond to increased protein abundance during iron starvation and negative values to decreased abundance. Because Hyr1 was not identified in the walls of the control culture, while Tos1 was only found in the control culture, their ratios were assigned arbitrary log 2 ratio of 10 and "10, respectively. The 14 N/ 15 N ratios of Hyr1 (Table S1 : control, 0; BPS-1¾, 4.2; BPS-2¾, 397) show that the Hyr1 level in BPS-2¾ is much higher than in BPS-1¾.
control, but the changes under both iron-restricted conditions showed clear similarities consistent with a Spearman's rank correlation between these two conditions of R S 50.68. All wall protein ratios relative to the corresponding 15 Nlabelled reference proteins can be found in Table S1 . Four major changes could be discerned in iron-restricted cells. (i) The wall levels of all GPI-modified members of the Rbt5 family (Csa1, Pga7, Pga10 and Rbt5) were strongly increased. Interestingly, Rbt5 has been shown previously to be required for efficient haem-iron utilization and to function as a haemoglobin/haem receptor (Weissman & Kornitzer, 2004) . Pga10 and Csa1 also contributed significantly to haem binding (Weissman & Kornitzer, 2004) . Like CSA1, PGA10 and RBT5, PGA7 is also directly activated by the iron-responsive transcription factor Sef1 upon iron starvation (Chen et al., 2011) , suggesting the latter is implicated in the response to iron limitation as well. Note that the level of Ssr1, a GPI-modified wall protein with a CFEM-like domain (Inglis et al., 2012) , did not change significantly upon iron restriction. (ii) Levels of the GPImodified, hypha-associated wall proteins Hyr1 and Als3 were strongly increased especially under the more stringent iron-restrictive conditions of BPS-26 cells (Fig. 1 , Table  S1 ). This correlates with the strongly induced hyphal growth observed during the second growth period in the presence of BPS. As Als3 also functions as a ferritin receptor (Almeida et al., 2008) , the observed increase in Als3 levels could also be related to iron starvation. (iii) Consistent with the transcriptional data obtained from iron-starved cells (Chen et al., 2011; Sigle et al., 2005) , the wall levels of the GPImodified superoxide dismutase Sod4 increased 11-and 42-fold in BPS-16 and BPS-26 cultures, respectively, compared to the control, whereas Sod5 levels slightly decreased. However, this is in contrast to the strongly increased wall levels of Sod5 and the decreased levels of Sod4 in hyphal cultures observed under various hyphal-growthinducing conditions (Heilmann et al., 2011; Martchenko et al., 2004) . (iv) The levels of the GPI-modified wall protein Als2 and the non-GPI wall protein Tos1 are much lower than in the control cells. Finally, it is worth noting that the wall protein profile of iron-restricted cells differs completely from the wall protein profile of cells subjected to wall or membrane stress (Sorgo et al., 2011; Heilmann et al., 2013) . These observations suggest that the changes in the wall proteome of iron-restricted cells versus iron-replete cells are not caused by a loss in plasma membrane or cell wall integrity, and probably are to a considerable extent specific for iron restriction.
Growth in YNB imposes iron restriction
In the experiments described above, YPS (YP supplemented with sucrose as a carbon source) was used as a rich, iron-replete growth medium ([Fe]519 mM, Eide et al., 2005) . YP is chemically ill-defined as it consists of yeast extract and peptone, and the exact compositions of yeast extract as well as the digested animal protein in peptone are unknown and may differ from batch to batch. Its high peptide levels buffer the medium, which has an initial pH of about 6.5. It seems likely that much of the bioavailable iron is present in the form of haem groups or is chelated to organic acids. On the other hand, YNBS with ammonium sulfate as nitrogen source and sucrose as carbon source is a fully defined minimal medium that fulfils all the requirements of prototrophic yeasts. It has two major draw-backs. (i) It has a very limited buffering capacity and without an external buffer it is usually rapidly acidified during growth.
(ii) Iron is supplied in the form of ferric chloride. However, the solubility of ferric iron strongly depends on pH and is extremely low at neutral to alkaline pHs. This suggests that the use of YNBS, especially when buffered at neutral-toalkaline pHs, could result in iron restriction. This is consistent with our observation that cells grown in YNBS buffered at pH 7.4 contain much less iron than YPS-grown cells, although more than cells grown in YPS supplemented with BPS (Table 1) . Table 2 shows that the wall levels of the CFEM proteins Csa1, Pga7, Pga10 and Rbt5 strongly increase not only in cells grown in YPS supplemented with the iron chelator BPS, but also in YNBS-grown cells, especially at pH 7.4, although to a lower level (Heilmann et al., 2013;  Table S1 ). As Csa1, Pga10 and Rbt5 are responsible for about 85 % of the haem-binding activity of iron-restricted cells (Weissman & Kornitzer, 2004) , this provides further evidence that YNB imposes iron restriction.
Peptides from the CFEM domain are capable of forming iron adducts
As the members of the Rbt5 family of C. albicans are known to bind 55 Fe-labelled haem and their CFEM domain is the most conserved domain, we speculated that their CFEM domain could bind iron. Detailed inspection of the LC-FTMS data revealed that for some peptides the electrospray ionization generated not only common, multiply protonated peptides but also iron-cationized peptides due to iron cation-proton exchange in the steel electrospray needle (Van Berkel & Kertesz, 2007) . This exchange was found to be more efficient under electrospray conditions than under nanospray conditions. As an example, Fig. 2 (Johnson et al., 2001) . Table 3 shows that for wall proteins with CFEM domains, iron adduct formation is observed for tryptic peptides containing three or more cysteines, while the efficiency of adduct formation increases with increasing number of cysteines. Since the identified peptides derived from Pga7 contained fewer than three cysteines we could not verify if its CFEM domain was also able to form iron adducts. The observed adduct formation during electrospray of CFEM domain-derived Table 2 . Relative quantification of the C. albicans CFEM wall proteins Csa1, Pga7, Pga10 and Rbt5
The wall protein levels observed in the different growth media (YPS; YPS+BPS-16; YPS+BPS-26; YNBS at pH 4.0; YNBS at pH 7.4) were compared to the wall protein levels of 15 N-labelled reference walls that served as the internal standard. Ratios obtained for the YNBS cultures originate from Heilmann et al. (2013) and Table S1 . The numbers in parentheses represent the estimated fold-increases versus YPS (iron-replete conditions). The averages of the 14 N/ 15 N ratios of at least three independent biological replicates are shown. The median SE is 4.3 %. peptides is not direct evidence for efficient binding of iron to CFEM domains in the protein. However, since iron adduct formation during electrospray ionization is a very rare phenomenon, the high efficiency of this iron adduct formation, especially for peptides including a larger part of the CFEM domain, suggests that the CFEM domain is tailored for iron binding. For the tryptic peptide from Ssr1 containing three cysteines no iron adducts could be observed (Table 3 ). It appears that the Ssr1 8-cysteine domain differs from the CFEM domain of the Rbt5 family members, displaying, for example, some differences in cysteine spacing; in addition, BLASTP analysis of Ssr1 against the C. albicans genome shows only very limited homology to the members of the Rbt5 family (Inglis et al., 2012) . When 
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DISCUSSION
In this study we have quantified the effects of iron starvation on the levels of wall proteins of C. albicans. We have also shown that in the commonly used culture medium YNB bioavailable iron is limited at neutral pH, as shown by the strong increase in iron acquisition proteins in the wall and reduced cellular iron content. We found that the C. albicans Rbt5 family proteins (Csa1, Pga7, Pga10 and Rbt5) are highly reliable indicators of iron starvation, but also the wall proteins Hyr1, Als3, Als4 and Sod4 are enriched upon iron restriction. Furthermore, we have demonstrated for the first time that at least three members of the Rbt5 family, the CFEM proteins Csa1, Pga10 and Rbt5, and presumably also Pga7, can form iron adduct ions (containing either ferrous or ferric iron), which arose during the electrospray step in the mass spectrometer. To do so they require a common peptide motif derived from their CFEM domain, with at least three cysteines and conserved spacing. Importantly, no other iron adduct-forming peptides were identified in the entire set of wall protein peptides. This is consistent with a crucial role for the CFEM domain of these proteins in the binding of haem, a prosthetic group with an iron atom centrally located in the planar porphyrin ring. Four of the six coordination sites of the iron atom are occupied by bonds to the porphyrin ring, allowing the iron atom to form two additional bonds, one on each side of the porphyrin plane. Our observations suggest that the CFEM domain might bind haem through the iron atom, possibly through cysteine side-chains serving as axial ligands (Barr et al., 2011) . Such a mechanism also seems to occur in Histoplasma capsulatum (Ajellomyces capsulatus), a fungal pathogen residing in macrophages (Foster, 2002) . Utilization of haem as its sole iron source depends on the presence of a low-iron-induced, haem-binding cell surface protein. Importantly, the presence of iron is required for binding the porphyrin ring. Consistent with these observations, a BLASTP search identified a predicted CFEM domaincontaining GPI protein (HCAG_04929).
Rbt5-like CFEM protein-encoding genes are conserved among a wide variety of fungi (Kulkarni et al., 2003; BLASTP vs. fungi) , including several medically relevant fungi such as Aspergillus flavus (but not A. fumigatus), Candida and Candida-related spp. (but not C. glabrata), Coccidioides spp., Histoplasma capsulatum, Paracoccidioides immitis, and Penicillium marneffei. Among the Candida species, Candida parapsilosis possesses seven CFEM family members. CFEM2, CFEM3, CFEM4 and CFEM6 are induced upon iron starvation, of which CFEM2, CFEM3 and partially CFEM6 are required for efficient haem utilization. Unlike in C. albicans, the C. parapsilosis CFEM proteins have not been implicated in biofilm formation (Ding et al., 2011) . Also Candida tropicalis, Candida glabrata and Candida krusei produce CFEM proteins, but only C. tropicalis can efficiently use haem as an iron source, while C. glabrata requires very high haem-iron concentrations and C. krusei shows only limited growth at very high concentrations (Weissman & Kornitzer, 2004 ).
There are two more known proteins with a CFEM domain in C. albicans: Csa2 is a small secretory protein without a GPI anchor and is found in the medium (Sorgo et al., 2010) and Ssr1 is a GPI-modified wall protein. As discussed below in more detail, gene expression of all five members of the Rbt5 family, including CSA2, increases upon iron starvation (Chen et al., 2011) . This suggests that also the secreted protein Csa2 is involved in iron acquisition. Analysis of the secretome showed indeed an increase in Csa2 under iron starvation (data not shown). On the other hand, it seems unlikely that Ssr1 is involved in iron uptake under low-iron conditions: (i) its gene expression is not upregulated upon iron restriction (Chen et al., 2011) and its wall level is not affected by iron restriction (Fig. 1). (ii) Although it has an 8-cysteine pattern (CGD; www.candidagenome.org), this clearly differs from the 8-cysteine pattern in the CFEM domain of the members of the Rbt5 family. BLASTP analysis of the CFEM domain of CaRbt5 and CaSsr1 against fungi reveals the existence of two non-overlapping subsets of CFEM proteins with a CaRbt5-like and a CaSsr1-like CFEM domain, respectively (data not shown). This raises the question of whether the two classes of CFEM proteins might be involved in different functions. Whereas the members of the CaRbt5 family promote utilization of haemoglobin-bound iron, CaSsr1 and its close homologue in Saccharomyces cerevisiae ScCcw14 seem to be involved in cell wall integrity (Mrsa et al., 1999; Plaine et al., 2008) . Saccharomyces cerevisiae cannot utilize haemoglobin-bound iron for growth (Weissman & Kornitzer, 2004; Weissman et al., 2002) , thus excluding a role for ScCcw14 in this process and making a role for its homologue in C. albicans (CaSsr1) in this process also less likely. Interestingly, the wall of Saccharomyces cerevisiae contains three GPI-modified proteins (Fit1, Fit2 and Fit3) that are involved in siderophore binding, hence facilitating iron uptake in a different way consistent with its different natural environment (Protchenko et al., 2001) .
Upon iron restriction caused by the chelator BPS we could observe very strong induction of the wall-associated CFEM proteins Csa1, Pga7, Pga10 and Rbt5, the adhesins Als3 and Als4, as well as Hyr1 and Sod4. Like all the members of the RBT5 family, ALS4 and SOD4 have also been shown previously to be induced by low iron levels, consistent with our findings. They are also regulated by the transcription factor Sef1, which is the major activator of iron uptake genes, and as for RBT5 family members, direct binding of Sef1 to the regulatory region of SOD4 could be shown (Chen et al., 2011) . Interestingly, the expression of the RBT5 family members was also strongly increased in the presence of the antifungal drug ciclopirox olamine, which is believed to induce iron starvation (Lee et al., 2005; Sigle et al., 2005) . Similar results were obtained for the monoclonal antibody C7 that is proposed to exert its candidacidal activity by blockage of the reductive iron uptake system (Brena et al., 2011) . Hypoxia probably also causes iron restriction, as suggested by the increased expression of PGA7, PGA10 and RBT5 (Synnott et al., 2010) and the increased wall levels of Rbt5 in both hypoxic and iron-restricted cells (Sosinska et al., 2008) . Since molecular oxygen is required to reoxidize ferrous iron during reductive iron uptake (Almeida et al., 2008) , a lack of oxygen is very likely diminishing iron uptake. Note that the quantification method used in our study results in relative estimates of wall protein levels and does not inform which CFEM protein is most abundant in iron-starved cells. However, Weissman & Kornitzer (2004) present quantitative data of haem-binding by iron-starved wildtype and mutant cells indicating that Rbt5 is the major contributor. Finally, Hyr1 and the ferritin receptor Als3 presumably increased in abundance during iron starvation since they are associated with hyphal growth (Almeida et al., 2008; Bailey et al., 1996) , which is stimulated under low-iron conditions (Hameed et al., 2008; this paper) .
Iron uptake in Gram-positive bacteria has been well described (Braun & Hantke, 2011; Grigg et al., 2010) . In Staphylococcus aureus a family of Isd (iron-regulated surface determinants) proteins is facilitating haem uptake across the cell wall. They function like a relay system, where some proteins are secreted to scavenge haem from associated host-proteins, while other family members are located in the thick wall at varying depths to further transport the acquired haem towards transporters across the membrane (Mazmanian et al., 2003) . It is tempting to speculate that the C. albicans Rbt5 family members could collaborate in a similar way, with Csa2 being secreted as a haem-scavenging protein, similarly to the role of Pra1 in zinc sequestration (Citiulo et al., 2012) , and Csa1, Pga7, Pga10 and Rbt5 being positioned at different places in the wall and the cell membrane to facilitate iron uptake. This could explain why five members of a protein family are induced under the same conditions. Furthermore, it seems possible that Rbt5 family proteins bind haem or haemoglobin at least partially via the central iron, raising the question if free iron could also be bound, as indicated by our MS data.
In summary, we could show that the growth medium and its pH can have a big impact on the iron supply to the cells, which can influence many intracellular pathways. Decreased iron availability triggers hyphal growth and the increase of wall proteins that are mainly associated with iron uptake or hyphal morphology, like Als3, Als4, Hyr1, Sod4 and the Rbt5 family proteins Csa1, Pga7, Pga10 and Rbt5. Furthermore, we suggest a novel function of the CFEM domain in binding of ferrous and ferric iron, which might also be applicable for homologous CFEM domains found in other fungi. This domain is present in five C. albicans proteins that all belong to the Rbt5 family and are presumably all involved in iron acquisition, a process crucial for pathogenicity. Importantly this domain could be a promising antifungal target, possibly also relevant for other pathogenic fungi that produce proteins with a similar domain.
